A general technique f o r p r e d i c t i n g t h e FET l a r g e s i g n a l performance has been developed. The technique i s based e n t i r e l y on experimental data (small s i g n a l S-parameters a t d i f f e r e n t b i a s p o i n t s ) and t h e r e f o r e i s independent o f t h e s t r u c t u r e o f t h e FET.
I. INTRODUCTION Modulation doped FETs (MODFETS) have a l r e a d y been proven t o have good n o i s e performance f o r microwave a p p l i c a t i o n s (1). MODFETs are a l s o w e l l s u i t e d f o r c l a s s B a m p l i f i e r s , s i n c e t h e i r t r a n sf e r c h a r a c t e r i s t i c can be approximated b y a piecewise l i n e a r curve and t h i s leads t o a l a r g e s i g n a l transconductance independent o f t h e s i g n a l l e v e l .
However, t h e r e a r e few l a r g e s i g n a l models a v a i l a b l e and t h e d e t e r m i n a t i o n o f t h e parameters o f such models i s d i f f i c u l t o r r e q u i r e s s p e c i a l equipment. Furthermore, t h e models cannot be used c o n v e n i e n t l y i n common CAD programs.
The model and measurement techniques presented here overcome these problems. Software requirements i n c l u d e : a program (1 i k e TOUCHSTONE'") t o f i t an e q u i v a l e n t c i r c u i t t o S parameter data; a simple l e a s t square polynomial approximation program; and t h e popular SPICE f o r n o n l i n e a r t i m e domain simulations.
Hardware requirements are b a s i c a l l y l i m i t e d t o a network a n a l y z e r t o c a r r y o u t t h e small s i g n a l S parameter measurements.
NONLINEAR MODFET CIRCUIT MODEL

A. C i r c u i t Elements
The n o n l i n e a r c i r c u i t proposed i s an extens i o n o f a w i d e l y used small s i g n a l e q u i v a l e n t c i r c u i t i n which t h e n o n l i n e a r i t y o f C g s ( v l ) and IdS(Vl,Vds) i s taken i n t o account (see Fig. 1 ).
I n t h i s c i r c u i t I d s ( v l , v d s ) models t h e n o n l i n e a ri t i e s o f t h e transconductance (gm) and t h e o u t p u t conductance (Go) 
B. Determination o f t h e L i n e a r Element Values
The values o f cds and t h e e x t r i n s i c elements have been determined f o r a 3 0 0~m SONY MODFET by measuring i t s S parameters a t VDS,VGS = 0 and f i t t i n g i t s e q u i v a l e n t c i r c u i t a t t h i s b i a s p o i n t (Fig. 2 ) (2), (3) (See Table 1 ). I n o u r model, o n l y Cgs and I d s a r e allowed t o be v o l t a g edependent.
To d e s c r i b e t h i s dependence we have t o a d j u s t gm, GO, C s , R i , C d and cdc i n Fig. 1 t o match t h e 2 parameaers a t several b i a s p o i n t s . Only t h e f i r s t t h r e e parameters a r e used t o c h a r a c t e r i z e t h e n o n l i n e a r b e h a v i o r o f C s ( v l ) and Ids(Vl,Vds)(4).
The l i n e a r i z e d equivagents o f ~i , Cgd, and cdc are found by averaging t h e i r values a t these b i a s p o i n t s .
The obtained values are: 
F i g u r e 3 shows t h e d i s t r i b u t i o n o f t h e b i a s p o i n t s
f o r which a small s i g n a l e q u i v a l e n t c i r c u i t has been determined. I f we assume t h a t Ids(vl,yd,) can be expressed as a product o f two one-variable f u n c t i o n s ; i.e.: p q ( v l ) can be found from t h e t r a n s f e r f u n c t i o n a t
A t t h i s p o i n t we can s e t pd(VDS )
1; then p g ( v l ) i s f o r c e d t o t a k e t h e va8uei o f t h e t r a n s f e r c h a r a c t e r i s t i c . From Eq. 2 and knowing t h a t lds(vTYvDSQ) =
(VT b e i n g t h e p i n c h -o f f v o l t a g e ) , we can w r i t e Pg('1) = I gm(uSVDSQ)dU (6) vT which a l l o w s us t o e v a l u a t e t h e VI dependence o f I d s from t h e measured g , a t several b i a s p o i n t s . Table 2 , t h e p r a c t i c a l a p p l i c a t i o n of Eq. 9 i s shown: S t a r t i n g from t h e values o f G~(VG~Q,VDS! and p e r f o r m i n g t h e numerical i n t eg r a t i o n i n d i c a t e d i n Eq. 9, t h e values of pd(VDS) a r e found f o r VDs r a n g i n g from 0.5 t o 4V. The approach discussed so f a r has allowed us t o d e s c r i b e t h e v o l t a g e dependencies w i t h onev a r i a b l e f u n c t i o n s .
What i s needed now i s t o express these f u n c t i o n s i n a form t h a t can be handled by a CAD program. Our work has been focused towards g e t t i n g a model f o r SPICE, whose user-defined non1 i n e a r i t i e s have t o be expressed i n polynomial form.
There are several methods t o f i t a polynomial t o a s e t o f data. Our choice i s t h e one d e s c r i b e d by Hayes (5) i n which t h e sum o f t h e squares o f
t h e r e s i d u a l e r r o r i s minimized by u s i n g a sum o f orthogonal polynomials.
Other a l g o r i t h m s as w e l l as commericial s o f t w a r e can be used f o r t h i s purpose.
For s i m u l a t i n g c l a s s A o p e r a t i o n we need t o g e t d a t a a t VT < v i < v and c a r r y o u t t h e f i t t i n g o f p g ( v l ) and C (??I? i n t h i s range. However, f o r c l a s s B and ?operation i t might not be necessary t o t a k e measurements i n t h e whole range o f values o f v i . T h i s i s because we know beforehand t h a t p (0) = 0 f o r v i < VT and t h a t C g s ( v l ) behaves smoo&hly i n t h i s range. Advantage i s taken of b o t h f a c t s t o l i m i t t h e measurement range t o VT < v i < vlmax.
I n our case we a r e 
E x t r a p o l a t i o n o f pg below t h e p i n c h -o f f v o l t a g e c o n s i s t s o f adding zeros a t d i s
Note t h a t f o r t h e lower values o f v i , p g ( v l ) i s q u i t e d i f f e r e n t from zero. T h i s i s a t y p i c a l c h a r a c t e r i s t i c o f polynomial f i t t i n g , i.e.
t h e ( a b s o l u t e ) e r r o r tends t o be h i g h e r a t t h e extremes o f t h e f i t t i n g i n t e r v a l .
Therefore, we can expect t o have t h e h i g h e s t r e l a t i v e e r r o r s a t t h e l e f t m o s t extreme o f t h e t r a n s f e r c h a r a c t e r i st i c where t h e c u r r e n t s are small but t h e f i t t i n g e r r o r can be high. To a v o i d t h i s e f f e c t , a few zeros were added a t values o f v i l e s s than -2.4V. E x t r a p o l a t i o n o f C g s ( v l ) i s more involved. F i r s t , a c o e f f i c i e n t m has t o be found t o f i t t h e measured values o f Cgs t o t h e e x p r e s s i o n which can be l a t e r used t o f i n d Cgs f o r v1 < VT. ? r r o r F i n a l l y , Pd(Vds) has t o be i n t e r p o l a t e d t o t h e values shown i n Table 2 and t h e p o i n t pd(0) = 0.
Note t h a t s i n c e i n t e r p o l a t i o n i s a p a r t i c u l a r case o f polynomial f i t t i n g , t h e same software t h a t has been used t o f i t p ( v i ) and C g s ( v l ) can now be used t o i n t e r p o l a t e pdqvds)-
EXPERIMENTAL RESULTS
Measurements a t 10 GHz on a SONY MODFET 2SK677H5 were made t o c o n f i r m t h e t h r e e b a s i c n o n l i n e a r e f f e c t s : The accuracy o f t h e n o n l i n e a r behavior of Cps(vl) was checked by measuring t h e l a r g e s i g n a l 11 and comparing i t w i t h simulated data. T h i s i s shown i n F i g u r e 7, where t h e measured c l a s s A and c l a s s B S11 a r e compared t o t h e c a l c u l a t e d ones f o r two values o f i n c i d e n t power. S i m i l a r l y , t h e l a r g e s i g n a l S22 i s expected t o be s e n s i t i v e t o t h e n o n l i n e a r dependence o f I d s w i t h Vds.
F i g u r e 8 shows c o m p a r i t i v e r e s u l t s of t h i s parameter a t two b i a s l e v e l s .
( T h i s parameter showed l o w s e n s i t i v i t y t o t h e i n c i d e n t power). -The arrow Indicates the change In S22 wilh lncreaslng Vos F i n a l l y , t h e accuracy i n t h e modeled t r a n s f e r c h a r a c t e r i s t i c was checked by comparing t h e measured DC c u r r e n t generated i n c l a s s B o p e r a t i o n t o t h e c a l c u l a t e d value. This i s shown i n F i g u r e 9 and again, good agreement i s found. I V . CONCLUSIONS 
